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Introduction {#anie201910603-sec-0001}
============

Nanoscale building blocks of biological origin exhibit outstanding mechanical properties due to strong interactions and directional assembly of the polymeric constituents.[1](#anie201910603-bib-0001){ref-type="ref"} Natural provenance and low density destined them to be the best material choice for designing future lightweight renewable materials for a range of advanced applications. Controlled arrangement of these building blocks into hierarchical materials with an attractive combination of stiffness, strength and toughness is of tremendous interest for researchers in materials science and engineering.[2](#anie201910603-bib-0002){ref-type="ref"} Fibers, in particular are desirable for a wide range of applications, such as lightweight construction in aerospace and automobiles, fuel cell electrodes and many others.[3](#anie201910603-bib-0003){ref-type="ref"} Additionally, fibers have high economic importance as the production of synthetic fiber accounts for more than 20 % of overall plastic production which is valued at around \$55 trillion in 2017.[4](#anie201910603-bib-0004){ref-type="ref"}

Multiple techniques such as wet or dry spinning have been developed to manufacture fibers from nanoparticles, however most of them just do not provide absolute control over the final nano‐ to macro structure.[1b](#anie201910603-bib-0001b){ref-type="ref"}, [5](#anie201910603-bib-0005){ref-type="ref"} Bottom‐up assembly using microfluidics is a promising strategy for designing structures with defined morphology.[1b](#anie201910603-bib-0001b){ref-type="ref"}, [6](#anie201910603-bib-0006){ref-type="ref"} Self‐assembly of colloids and nano‐colloids is typically induced by screening or neutralizing the surface charges through the introduction of electrolytes or acids, where the destabilization of colloidal solutions is achieved from a long‐known method of salting out or charge neutralization explained by the classical DLVO (Derjaguin--Landau--Vervey--Overbeek) theory.[7](#anie201910603-bib-0007){ref-type="ref"}

In the 1888, Franz Hofmeister described the capacity of different ionic species referred as kosmotropes or chaotropes to "create" or "break" the ordered structure of water based on the order of the anion and cation series, the so‐called "Hofmeister series", following their ability to salt out proteins.[8](#anie201910603-bib-0008){ref-type="ref"} Since then, Hofmeister effects have shown general implications on phenomenon associated with bulk solutions and at interfaces, which is important in the self‐assembly of proteins, polymers, and inorganic or organic nanoparticles.[9](#anie201910603-bib-0009){ref-type="ref"} The large diversity of different ions provide numerous opportunities to rationally design engineering materials, such as regulating the gelation process of supramolecular hydrogels.

Herein, we apply the accumulated knowledge of Hofmeister effects, today known as specific ion effects, to the state‐of‐the‐art microfluidics‐based assembly process, where CNF dispersions are subjected to flow fields to orient the fibrils along the flow direction, followed by gelation to fabricate nanostructured materials with superior mechanical properties. This nanostructure is inspired by the aligned fibrillar structure in the S2 layer of wood fiber walls.

Experimentally, we show that the ion‐induced assembly of cellulose nanomaterials can moderately reproduce the trends in the mechanical properties as indicated for different ions in the Hofmeister series. First, our analysis of tensile properties shows that choice of ions results in variations in the strength, toughness and stiffness of dry nanostructured CNF biofibers. Furthermore, the dynamic structural features of hydrogels tested by rheology indicate variations in the storage modulus that could be linked to the making and breaking of the nanostructure under shear forces due to the effects of the specific ions. The properties of the hydrogel influence the nanostructure development during wet to dry transition, and these observations clarify the variations in properties of dry CNF fibers. In accordance with recent work from our group that studied the assembly of CNFs based on diffusion of protons,[6b](#anie201910603-bib-0006b){ref-type="ref"}, [10](#anie201910603-bib-0010){ref-type="ref"} we here suggest that anions such as Cl^−^, Br^−^, ClO~4~ ^−^, HSO~4~ ^−^, H~2~PO~4~ ^−^ are included in or expelled from the supramolecular hydrogels to minimize the perturbation of water. Thus, these anions participate in the self‐assembly through direct or indirect influence on CNF interactions. Variations in the mechanical properties are related to the structural discrepancies induced by different ions, based on the most reliable explanations for the Hofmeister series and specific ion effects.

Results and Discussion {#anie201910603-sec-0002}
======================

Macroscale bio‐based fibers (biofibers) are prepared from flow‐induced alignment of nanofibrils followed by the assembly through surface‐charge controlled sol to gel transition.[6b](#anie201910603-bib-0006b){ref-type="ref"} In this hydrodynamics‐based approach, dispersed nanofibrils (Supporting Information, Figures S1 and S2) are aligned in the flow direction with the help of flow fields before inducing a self‐assembly to lock the nanostructure into a metastable colloidal glass.[6b](#anie201910603-bib-0006b){ref-type="ref"}, [11](#anie201910603-bib-0011){ref-type="ref"} The goal is accomplished by using an elongational flow fields‐based double flow‐focusing geometry (Figures [1](#anie201910603-fig-0001){ref-type="fig"} a and S3) where the channel geometry consists of a core flow fluid and two sheath flow fluids[6b](#anie201910603-bib-0006b){ref-type="ref"}, [12](#anie201910603-bib-0012){ref-type="ref"} In the core flow, a dispersion of surface charged CNFs is injected where the nanofibrils are free to translate due to electrostatic repulsions and Brownian rotary diffusion.[13](#anie201910603-bib-0013){ref-type="ref"} The first sheath flow consists of deionized (DI) water which aligns the fibrils in the flow direction[6b](#anie201910603-bib-0006b){ref-type="ref"} and also protects fibrils from shear close to the channel walls. The alignment of fibrils is quickly diminished due to the Brownian motion; hence it is important to lock the nanofibrils in the aligned state before the system approaches isotropy. The second sheath flow thus consists of a gel initiator that reduces the double layer repulsion between the nanofibrils mainly through a protonation of the carboxyl groups but also through an increased ionic strength. This induces the self‐assembly of the fibrils into a well‐packed colloidal glass with maximized CNF‐CNF contacts (Figure [1](#anie201910603-fig-0001){ref-type="fig"} b). Van der Waals forces and arrested translational and rotational movement are the presumed mechanism behind the gel formation. The obtained continuous gel threads are subsequently picked up from the DI water bath, held at their ends and air‐dried (Figure [1](#anie201910603-fig-0001){ref-type="fig"} c). Characterization of the CNFs fiber surface with scanning electron microscopy (SEM) (Figures [1](#anie201910603-fig-0001){ref-type="fig"} d and e) sampled in the longitudinal direction showed highly anisotropic and densely packed organization of fibrils.

![Biofiber assembly. a) Schematic of the channel setup used to achieve flow‐induced alignment and illustration of three alternative locking mechanism. b) Picture of the gel thread after the assembly. c) Picture of the dried CNF biofiber. d) and e) Electron micrographs of the fibers.](ANIE-58-18562-g001){#anie201910603-fig-0001}

Using this assembly technique, we explore three alternative gel initiation mechanisms (Figure [1](#anie201910603-fig-0001){ref-type="fig"} a), including acids that are either chaotropic or kosmotropic, or a Lewis acid in the form of FeCl~3~ with the highest propensity to coordinate ligands on the surface of the CNFs to form complexes which crosslink fibrils in strong hydrogel networks.[9d](#anie201910603-bib-0009d){ref-type="ref"}, [14](#anie201910603-bib-0014){ref-type="ref"} Chaotropic ions disrupt the order of water, have a low hydration enthalpy, are relatively larger, and generally more polarizable, whereas kosmotropic ions increase the order of water, have a high hydration enthalpy, are relatively small, and generally less polarizable. In the specific ion effect theories, the hydration enthalpy and the polarizability of ions have been suggested to explain the Hofmeister series by direct interactions with water and dispersed colloids.[15](#anie201910603-bib-0015){ref-type="ref"}

To understand how CNF hydrogels are affected by the gel initiation mechanisms, we must elucidate the properties of CNF surfaces. Cellulose should be considered chaotropic since kosmotropic polymers are typically soluble in water. Furthermore, most carbohydrate polymers have a positive chi‐parameter which means that their interaction with water is typically not stronger than interactions between water molecules.[16](#anie201910603-bib-0016){ref-type="ref"} However, the added carboxyl groups on the surface of CNFs are strongly hydrated, but at a charge density of 0.6 mmol g^−1^, the coverage is moderate and at low pH, most of the carboxyl groups are protonated and the chaotropic properties dominate.[17](#anie201910603-bib-0017){ref-type="ref"}

Chaotropic ions accumulate near chaotropic surfaces, such as CNFs, in order to minimize the perturbation of water (Figure [2](#anie201910603-fig-0002){ref-type="fig"} a) or are adsorbed via ion‐surface dispersion interactions (Figure [2](#anie201910603-fig-0002){ref-type="fig"} b), whereas kosmotropic ions accumulate in the bulk water solution (Figure [2](#anie201910603-fig-0002){ref-type="fig"} a) or at kosmotropic surfaces for the same reason.[9d](#anie201910603-bib-0009d){ref-type="ref"}

![Specific ion effect schematics. a) Chaotropic or kosmotropic ions are accumulated at or excluded from surfaces. b) Polarizable ions adsorb to surfaces via dispersion interactions. c) Coordination complex formation. d) Local acidic environments induced by coordinated or adsorbed ions via balancing of ionic species similar to the Donnan equilibrium.](ANIE-58-18562-g002){#anie201910603-fig-0002}

Fe^3+^ ions are highly hydrated and coordinate water, but the entropy of the system can be increased by exchanging the tightly bound water with something which has fewer degrees of freedom, such as carboxyl ligands on the CNF surface. Metal ions therefore accumulate inside the hydrogels by a combination of electrostatic attraction and dative covalent coordination bonds regardless of their kosmotropic nature.[9d](#anie201910603-bib-0009d){ref-type="ref"}, [14b](#anie201910603-bib-0014b){ref-type="ref"} For this to conform to the specific ion effect theories which attempt to explain the Hofmeister series by the perturbation of water, we can no longer use average properties of the CNFs but must realize that specific groups, for example, carboxyl ligands, enable specific ion binding.

Furthermore, chaotropic and kosmotropic anions (Figure [2](#anie201910603-fig-0002){ref-type="fig"} d), or coordinated Fe^3+^ (Figure [2](#anie201910603-fig-0002){ref-type="fig"} c) induce a local environment (Figure [2](#anie201910603-fig-0002){ref-type="fig"} d).[18](#anie201910603-bib-0018){ref-type="ref"} The cause of the local environment is similar to the Donnan equilibrium for fibers in pulp, with the fiber surface or the hydrogel surface acting as a semipermeable membrane through which ions migrate depending on their specific properties (Figure S4).[18](#anie201910603-bib-0018){ref-type="ref"} Accumulation of chaotropic ions close to chaotropic CNF surfaces inside the hydrogel thus increase the local concentration of acid, whereas excluded kosmotropic ions result in a lower concentration of acid inside the hydrogel than in the bulk solution (Figure [1](#anie201910603-fig-0001){ref-type="fig"} a). An inevitable consequence of this Hofmeister effect is that the pH measurement using glass electrodes is ion‐specific since chaotropic acids accumulate at the surface of glass electrodes and induce a local pH.[19](#anie201910603-bib-0019){ref-type="ref"} There are therefore slight uncertainties in pH measurements, which are indeed difficult to avoid and moreover diminish small specific ion effect variations since the pH is not exactly what we measure.

The above information allows us to predict how different gel initiators affect the properties of the hydrogels (illustrated in Figure [1](#anie201910603-fig-0001){ref-type="fig"} a). The biofiber properties can subsequently be related to the properties of the hydrogel in order to rationalize ion‐specific assemblies of CNFs using flow‐induced alignment.

For a comprehensive understanding of how specific ions affect the assembly process and hence the mechanical properties of the fibers, we first prepared fibers using three different acids: HCl, H~2~SO~4~, and H~3~PO~4~ at pH 2 and a CNF concentration of 0.3 wt % (Figure [3](#anie201910603-fig-0003){ref-type="fig"} a). A linear elastic region followed by a plastic region is observed in all stress‐strain curves (Figures [3](#anie201910603-fig-0003){ref-type="fig"} a and b). The yield point in the stress‐strain curves highlights the transition from elastic to plastic deformation and is most probably associated with the relative sliding of nanofibrils.[6b](#anie201910603-bib-0006b){ref-type="ref"}, [20](#anie201910603-bib-0020){ref-type="ref"} Some fibers have a secondary yield point at high strain which has been hypothesized to be governed by cooperative entanglements and release of nanofibrils from such structures.[21](#anie201910603-bib-0021){ref-type="ref"}

![Tensile mechanical properties of CNF biofibers. a) Representative stress‐strain curves of fibers prepared at pH 2 and 2.5 of the gel initiator and 0.3 wt % CNF concentration. Young\'s modulus as a function of b) pH of the gel initiator and, c) CNF concentration for HCl. d) Toughness and e) ultimate strength of fibers prepared with different gel initiators at pH 2 and 2.5. The different acids are referred to by the color and shape of the data points. Error bars are 90 % confidence intervals based on at least 10 different measurements for each type of sample. All the measurements are done at 50 % RH.](ANIE-58-18562-g003){#anie201910603-fig-0003}

CNF fibers prepared using HCl results in stiffer fibers compared to those prepared using H~2~SO~4~ and H~3~PO~4~, with a modulus and ultimate strength of ≈57 GPa and ≈1010 MPa, respectively (Figure [3](#anie201910603-fig-0003){ref-type="fig"} a). The obtained modulus and ultimate strength with H~3~PO~4~ is ≈38 GPa and ≈740 MPa (Figures [3](#anie201910603-fig-0003){ref-type="fig"} b and e). Surprisingly, despite significant variations in the elastic modulus of the fibers, the orientation of nanofibrils remain almost the same as determined by wide‐angle X‐ray scattering (WAXS) (Figure S5). The orientation index[22](#anie201910603-bib-0022){ref-type="ref"} measured for HCl, H~2~SO~4~ and H~3~PO~4~ is 0.850±0.003, 0.867±0.007 and 0.847±0.012, respectively. The large variation in terms of mechanical properties highlights that the process of flow‐induced assembly results in a certain level of orientation of the nanofibrils,[6b](#anie201910603-bib-0006b){ref-type="ref"} whereas the properties of the fibers are governed largely by the specific properties of the anions of acids that are used as gel initiators.

Infrared spectroscopy shows that a large portion of the carboxyl groups of CNFs are still in a dissociated state (1600 cm^−1^) in fibers prepared at pH 2 (Figure S6 a), which shows the importance of considering local environments.

For a thorough understanding on the ion‐specific properties of our materials, we proceeded to prepare fibers with four different gel initiators at pH 2.5 and a CNF concentration of 0.3 wt % (Figure [3](#anie201910603-fig-0003){ref-type="fig"} a). Fibers prepared using HCl resulted in the stiffest fibers similar to the case at pH 2. Among the acids HCl, H~2~SO~4~, and CH~3~COOH, the lowest stiffness was obtained with CH~3~COOH. Surprisingly, we did not manage to obtain fibers with H~3~PO~4~ at pH 2.5 since the gel threads were too weak to sustain air--water interfacial tension while lifted out of the water bath. The compiled data in Figure [3](#anie201910603-fig-0003){ref-type="fig"} b shows that a lower pH lead to stiffer and stronger fibers, with the exception of HCl at pH 1.5

Apart from anionic acids, fibers were also prepared using FeCl~3~ of pH 2.5 and an inferior modulus (39±2) but enhanced ultimate strength (834±21) and strain‐to‐failure (≈8 %) was obtained (Figure [3](#anie201910603-fig-0003){ref-type="fig"} a). This is related to the dative covalent coordination complexes which affect the relaxation and consolidation of the aligned CNF structure and hence the morphology of the fiber upon drying.[23](#anie201910603-bib-0023){ref-type="ref"} Interestingly, unlike Fe^3+^ treated isotropic films, the carbonyl vibration of Fe^3+^ treated oriented fibers show complete dissociation of the carboxyl groups (Figure S6 b).[9d](#anie201910603-bib-0009d){ref-type="ref"} Fibrils in parallel configuration favors complexation which pushes the equilibrium towards dissociation regardless of the local acidic environment.

To extend the property range of these fibers, we tuned the concentration of CNFs in the dispersions and observed that the stiffness increased proportionally to the solids content of the hydrogel, from a stiffness of ≈57 GPa and a strength of 1010 MPa at 0.3 wt % to a stiffness of 43 GPa and a strength of 770 at 0.2 wt % (Figure [3](#anie201910603-fig-0003){ref-type="fig"} c). The decrease in stiffness and ultimate strength is related to the decreased solids content of the gel thread that may lead to heterogeneously packed networks of the nanofibrils in the dried fiber. However, it was experimentally challenging to obtain reliable statistics on the density measurements of our materials. Nevertheless, these results show that the stiffest materials also tend to be the strongest by ensuring adequate load transfer and cohesion between the nanoscale constituents.[1a](#anie201910603-bib-0001a){ref-type="ref"}

Apart from the strength and stiffness, we also evaluated the work of fracture (toughness) defined as the area under stress‐strain curves (Figure [3](#anie201910603-fig-0003){ref-type="fig"} d). The CNF fibers prepared with HCl at pH 2 has an exceptionally high toughness of 62±6 MJ m^−3^. Such high toughness has not yet been reported for any cellulosic material prepared with other known fabrication techniques (Table [1](#anie201910603-tbl-0001){ref-type="table"}). In a wider perspective, the mechanical properties of our fibers are superior to all commercially available cellulose fibers (Viscose, Cordenka, Lyocell, and Ioncell‐F fibers) and all other nanocellulose fibers prepared with dry or wet spinning techniques (Table S1).[6b](#anie201910603-bib-0006b){ref-type="ref"}, [24](#anie201910603-bib-0024){ref-type="ref"} Notably, our CNF fibers also outperform the mechanical performance of dragline spider silk, which is often consider as a gold standard for biopolymeric materials, which has a similar strength and toughness but up to 10 times lower stiffness.[25](#anie201910603-bib-0025){ref-type="ref"}

###### 

Comparison of the toughness of our fibers with the cellulose fibers prepared with other techniques.

+-------------------------------+-------------------------------+--------------+------------------------------------------------------------------+
| Cellulose Fiber/Material Type | Preparation Method            | Toughness    | Reference                                                        |
|                               |                               |              |                                                                  |
|                               |                               | \[MJ m^−3^\] |                                                                  |
+===============================+===============================+==============+==================================================================+
| Viscose                       | Dissolution and regeneration  | 33           | Adusumali, et. al[24c](#anie201910603-bib-0024c){ref-type="ref"} |
+-------------------------------+-------------------------------+--------------+------------------------------------------------------------------+
| Modal                         | Dissolution and regeneration  | 37           | Adusumali, et. al[24c](#anie201910603-bib-0024c){ref-type="ref"} |
+-------------------------------+-------------------------------+--------------+------------------------------------------------------------------+
| Lyocell                       | Dissolution and regeneration  | 35           | Adusumali, et. al[24c](#anie201910603-bib-0024c){ref-type="ref"} |
+-------------------------------+-------------------------------+--------------+------------------------------------------------------------------+
| Rayon                         | Dissolution and regeneration  | 41           | Adusumali, et. al[24c](#anie201910603-bib-0024c){ref-type="ref"} |
+-------------------------------+-------------------------------+--------------+------------------------------------------------------------------+
| Flax                          | Liberation from the stem      | 16.7         | Adusumali, et. al[24c](#anie201910603-bib-0024c){ref-type="ref"} |
+-------------------------------+-------------------------------+--------------+------------------------------------------------------------------+
| Bacterial Cellulose           | Wet twisting                  | 45           | Gao, et. al[26](#anie201910603-bib-0026){ref-type="ref"}         |
+-------------------------------+-------------------------------+--------------+------------------------------------------------------------------+
| CNF                           | Wet extrusion (Syringe)       | 31           | Mohammadi, et. al[27](#anie201910603-bib-0027){ref-type="ref"}   |
+-------------------------------+-------------------------------+--------------+------------------------------------------------------------------+
| Bacterial Cellulose Sheets    | Surface selective dissolution | 13           | Soykeabkaew, et. al[28](#anie201910603-bib-0028){ref-type="ref"} |
+-------------------------------+-------------------------------+--------------+------------------------------------------------------------------+
| CNF Ribbon                    | Hydrogel stretching           | 19           | Tang, et. al[22](#anie201910603-bib-0022){ref-type="ref"}        |
+-------------------------------+-------------------------------+--------------+------------------------------------------------------------------+
| TEMPO‐oxidized CNF            | Wet extrusion (Syringe)       | 8.7          | Walther, et. al[29](#anie201910603-bib-0029){ref-type="ref"}     |
+-------------------------------+-------------------------------+--------------+------------------------------------------------------------------+
| Carboxymethylated CNF         | Microfluidics                 | 62           | Present Work                                                     |
+-------------------------------+-------------------------------+--------------+------------------------------------------------------------------+
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We proceeded to study the rheological properties of hydrogels formed by the different gel initiators (procedure depicted in Figure [4](#anie201910603-fig-0004){ref-type="fig"} a) in order to relate the stiffness and strength of the CNF fibers to the ion‐specific properties of the hydrogels. The hydrogels have the typical oscillatory frequency response of self‐supporting hydrogels (Figure [4](#anie201910603-fig-0004){ref-type="fig"} b) and showed a strain stiffening behavior (Figure [4](#anie201910603-fig-0004){ref-type="fig"} c). A lower pH of the gel initiation solution results in a greater storage modulus of the hydrogels (Figure [4](#anie201910603-fig-0004){ref-type="fig"} b) and stronger fibers (Figure [3](#anie201910603-fig-0003){ref-type="fig"} b), which in turn suggests that there is a strong relationship between the properties of the hydrogel and the dry fiber, even though the rheological investigations are made for an unoriented CNF gels and the fibers are indeed oriented. There might be several explanations to this correlation which merits further investigations.

![Rheological properties of CNF hydrogels. a) The sample preparation and instrumental setup. b) Frequency sweeps at pH 2 and 2.5. c) Amplitude sweep at pH 2. d) Relationship between storage modulus and absolute hydration enthalpy of the anion. e) Relationship between storage modulus and effective polarizability of the anion. f) Relationship between the biofiber modulus and the storage modulus of the hydrogel. The different acids are referred to by the color and shape of the data points. Error bars are 90 % confidence intervals based on at least 4 different measurements for each type of sample.](ANIE-58-18562-g004){#anie201910603-fig-0004}

H~3~PO~4~‐initiated gels showed the lowest storage modulus which is related to an inferior stiffness of the dried fibers (Figure [2](#anie201910603-fig-0002){ref-type="fig"} b). Thus, at high pH, we were unable to form hydrogels strong enough to be lifted from the water bath when using H~3~PO~4~. FeCl~3~, on the other hand, greatly increases the stiffness of the hydrogel due to the coordination with carboxyl groups and other detailed molecular interactions described elsewhere,[9d](#anie201910603-bib-0009d){ref-type="ref"}, [30](#anie201910603-bib-0030){ref-type="ref"} but interestingly this elevated storage modulus of FeCl~3~ initiated gels was not translated into fiber stiffness. It appears that excessive strength of the gel networks is not beneficial in the wet to dry transition, and can for example prevent further alignment of fibrils or create a more porous structure of the dry fibers. A further example of this discrepancy is the reduced stiffness of the fibers prepared by HCl at pH 1.5 compared to those prepared at pH 2 (Figure [3](#anie201910603-fig-0003){ref-type="fig"} b), although pH 1.5 gave stronger hydrogels. The fibers formed by FeCl~3~ show the highest toughness (Figure [3](#anie201910603-fig-0003){ref-type="fig"} d) and it can be suggested that this is due to a more porous network with hidden length scales, the hydration of Fe^3+^ (Figure S6 b), or directly related the sacrificial energy of breaking coordination complexes since this toughness was not achieved with HCl at pH 1.5.

In order to characterize the specific ion effects, we have related the properties of the hydrogels to the inherent properties of the different ions. Starting with ion hydration as a measure of water perturbation, we use acids with a broad range of hydration enthalpies (Figure [4](#anie201910603-fig-0004){ref-type="fig"} d).[31](#anie201910603-bib-0031){ref-type="ref"} H~2~PO~4~ ^−^, the most hydrated and hence most kosmotropic anion, is according to the theory excluded from the hydrogel and the following charge balance (opposite to Figure S1) leads to a higher pH inside the gel which is associated with less stiff hydrogels (Figure [4](#anie201910603-fig-0004){ref-type="fig"} a) and fibers (Figure [3](#anie201910603-fig-0003){ref-type="fig"} b). This is supported by elemental analysis which shows that the portions of Cl or S that migrates into fibers are similar, whereas a smaller portion of the available P enters the fibers (Table S2).

For the other ions, no significant relationship between storage modulus and hydration enthalpy is observed, and this can be related to the state of hydration of the CNFs. Acetate or formate, as models for carboxyl groups on the CNFs, have hydration enthalpies on the order of 420--430 kJ mol^−1^, which is hence the upper limit for the hydration of the CNFs. Ions with hydration enthalpy below this thus accumulate inside the hydrogels and reduce the local pH which translates into stronger hydrogels. The same argument can be adapted based on the hydration entropy of the anions (Figure S7), which follow a similar trend as the hydration enthalpy. The hydration enthalpy and the p*K* ~a~ of the acids are strongly related (Figure S8), with H~3~PO~4~ having the highest p*K* ~a~ of 2 and HClO~4~ the lowest of close to 10. The balance between associated and dissociated acids is also important in terms of water perturbation and ion migration, and in this respect H~3~PO~4~ solutions at pH 2 have the greatest portion of associated acids (Table S2).

Moisture sorption into dried hydrogel samples, which reduces the stiffness of CNF materials,[24b](#anie201910603-bib-0024b){ref-type="ref"} also follows the hydration of the different ions (Figure S9 and Table S3). However, the subtle differences in water sorption cannot alone explain the differences in mechanical properties of the biofibers.

We continued to study the polarizability of the anion as a measure of ion‐surface dispersion interactions. Although the introduced anions have variations in effective polarizability,[15c](#anie201910603-bib-0015c){ref-type="ref"}, [32](#anie201910603-bib-0032){ref-type="ref"} we found no relationship with regards to the storage modulus of the hydrogels (Figure [4](#anie201910603-fig-0004){ref-type="fig"} e). For example, H~2~PO~4~ ^−^ and HSO~4~ ^−^ have close to the same polarizability, but H~2~PO~4~ ^−^ initiate significantly softer hydrogels which implies that the dispersion is not decisive in these systems. Ion‐surface dispersion interactions are mediated by the difference in dielectric response of the surface and the medium.[15c](#anie201910603-bib-0015c){ref-type="ref"} Surfaces with low permittivity, such as oil (2) or cellulose (3--7), in relation to water (80) result in strong adsorption of polarizable ions, and we therefore assume that most of these anions to certain degree adsorbs to CNFs. Instead the hydration‐controlled accumulation and exclusion of ions dictates if adsorption is possible.

The general trend is that a stiffer hydrogel result in a stiffer fiber (Figure [4](#anie201910603-fig-0004){ref-type="fig"} f). However, H~2~SO~4~ produces weaker fibers than expected based on gel stiffness, which indicates that there are other mechanisms involved. A property that differentiate H~2~SO~4~ from the other acids is the secondary p*K* ~a~ just above 2, and hence a significant amount of SO~4~ ^2−^ exists in the gel initiation solution (Figure S8). SO~4~ ^2−^ is significantly more hydrated than HSO~4~ ^−^ and the intricate balance between monovalent and divalent anions, such as their accumulation or exclusion, or the lower salt concentration should be considered as a cause of the inferior stiffness of these fibers.

To gain further insight of how accumulation of different ions in between CNFs affect the fibril‐fibril contacts, we prepared isotropic hydrogel networks using vacuum filtration.[33](#anie201910603-bib-0033){ref-type="ref"} We added the ions to these networks in two ways: soaking dried network in the gel initiation solution (Figure [5](#anie201910603-fig-0005){ref-type="fig"} a) or soaking the filter cake before drying (Figure [5](#anie201910603-fig-0005){ref-type="fig"} b). These isotropic CNF networks were only marginally affected by the specific ions (Table S4). This shows that the structure in the oriented fibers is more sensitive to specific ions, which is reasonable since the fiber properties are determined by contact between fibrils surfaces, whereas random CNF gels are primarily determined by the properties of the network.[30](#anie201910603-bib-0030){ref-type="ref"} Thus accumulated or adsorbed ions which disrupt fibril contacts is detrimental for oriented fibers (Figure [5](#anie201910603-fig-0005){ref-type="fig"} c) while random CNF networks retain a fixed interlocking regardless of gel initiator (Figure [5](#anie201910603-fig-0005){ref-type="fig"} d). Consequently, the sizes, hydration and other properties of adsorbed or accumulated ions are important since, for instance, larger ions are reasonably more disruptive (Figure [5](#anie201910603-fig-0005){ref-type="fig"} c) which has been shown for bulky counter‐ions.[34](#anie201910603-bib-0034){ref-type="ref"} This can potentially also explain why H~2~SO~4~ lead to less stiff fibers compared to HCl despite the observation that these hydrogels have more or less the same storage modulus (Figure [4](#anie201910603-fig-0004){ref-type="fig"} f and Figure [3](#anie201910603-fig-0003){ref-type="fig"} b). The same reasoning is valid in the case of H~3~PO~4~ and FeCl~3~ where considerable amounts of ions block fibril contacts (Table S2).

![Mechanical properties of isotropic CNF films. a) and b) Representative stress‐strain curves for films with different treatments referred to by color and structure of the line. c) and d) Illustrations of the organization in a biofiber (c) and a vacuum filtered film (d) and how specific ions presumably affect these materials. Data is averaged for at least 4 samples of each type. All the measurements are performed at 50 % RH.](ANIE-58-18562-g005){#anie201910603-fig-0005}

To evaluate the extractability of the ions as a measure how tightly they are bound inside the fibril network, we used ion chromatography. In this experiment, ions are extracted with water from the dry films in Figure [5](#anie201910603-fig-0005){ref-type="fig"} b, and Table [2](#anie201910603-tbl-0002){ref-type="table"} shows that the extractability in moles per weight of Br^−^, Cl^−^, and H~2~PO~4~ ^−^ follow the Hofmeister series and the thermodynamics of hydration, that is, Cl^−^ is easier to extract than Br^−^. The amount of HSO~4~ ^−^ is lower than the other due to the divalent nature of sulfuric acid (Table S2).

###### 

Extractability of ions measured by ion chromatography.

  Ion type     \% wt/wt   \% mol/wt
  ------------ ---------- -----------
  Bromide      0.29       0.0036
  Chloride     0.16       0.0045
  Sulfates     0.15       0.0015
  Phosphates   0.58       0.0060
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Conclusion {#anie201910603-sec-0003}
==========

In conclusion, our CNF biofibers stand out from other known biofibers based on their superior mechanical performance. Our results show that the process of flow‐induced alignment and assembly lead to a certain level of orientation of the nanofibrils and that the divergence in mechanical properties of the biofibers is governed largely by a combination of pH of the gel initiator, CNF concentration, and specific ion effects. The direct influence of different ions is evident from WAXS results, which shows no difference in the orientation of crystal planes of biofibers prepared using different gel initiators. It is thus important to consider the accumulation of ions in proximity to the nanofibrils and the resulting local pH as well as disrupted fibril contact. The common description of how the presence of anions or cations perturb water molecules and how this dictate the accumulation of ions in the wet nanoparticle networks, invoke some notion of nanostructure making or breaking,[35](#anie201910603-bib-0035){ref-type="ref"} although a thorough understanding of this remains elusive. Here, we have tried to provide an understanding of these ideas by describing the variations in the mechanical properties of both hydrogels and CNF fibers with the choice of ions that potentially is coupled to the differences in the nanoscale networks. Though with the limitations of the experimental tools, it is challenging to determine the exact state of ions inside the network structure. Another picture that emerges from the present results is that ions potentially do not disrupt isotropic networks with larger pore sizes, rather the effect is more observable in oriented structures where the cohesion is mainly governed by fibril contacts. Nevertheless, our results show that a Hofmeister series to certain degree, explain wet and dry fibrillar material systems following the direct interactions of ions with the surface of CNFs. Although more experimental efforts are needed to parameterize better the use specific ion effects in the rational assembly of high‐performance nanostructures.
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